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Stewart's bacterial wilt of corn (Zea mays), caused by Erwinia stewartii (syn. Pantoea stewartii), is endemic in the United States from the Mid-Atlantic States through the Ohio River Valley to Missouri and Iowa (14) . Epidemics of Stewart's wilt also occur sporadically 500 km north or south of this area, including important areas of field corn seed production in Iowa, Illinois, and Indiana. Despite the widespread occurrence of E. stewartii over an extensive area of the U.S. Corn Belt, Stewart's wilt causes relatively minor reductions in yield of field corn because most hybrids currently grown in the Midwestern United States have adequate levels of resistance. Stewart's wilt can be problematic in seed production because many countries prohibit or place restrictions on importation of maize seed produced in fields where Stewart's wilt occurs (3).
Stewart's wilt also can cause considerable damage to sweet corn hybrids with inadequate levels of resistance, including certain hybrids grown commonly for processing and many early-maturing hybrids (11) . The magnitude of yield reduction in sweet corn is associated with the growth stage at which plants are infected and the level of resistance or susceptibility of the hybrid (17) . Levels of resistance adequate to prevent yield reduction are available in some sweet corn germ plasm, but resistance must be incorporated into susceptible, earlymaturing sweet corn germ plasm and into germ plasm derived from susceptible lines with superior characteristics for processing, such as the hybrid Jubilee. Simply inherited resistance to Stewart's wilt identified from a field corn inbred, Va 35, (9) is currently being incorporated into susceptible sweet corn. Resistance from late-maturing sweet corn lines (8) also has been incorporated into earlier-maturing lines (J. K. Pataky, unpublished) . In addition to these efforts, other sources of resistance that are relatively simply inherited and which strictly limit the movement of E. stewartii in infected plants should be used to improve and diversify Stewart's wilt resistance in sweet corn.
Resistance to common diseases is found frequently among collections of plants from the center of origin or gene centers of the cultivated plant species (7) . Maize may have been domesticated more than once and may have multiple sites of origin in Central America and Mexico (7). However, it is unlikely that diverse sources of Stewart's wilt resistance are prevalent in germ plasm collected from the center of origin of maize or from most other regions of the world because the distribution of E. stewartii is restricted primarily to corngrowing areas of the United States where the insect vector, Chaetocnema pulicaria, is common (13). Stewart's wilt has been reported infrequently from Central America, Europe, and Asia. While attempting to identify additional sources of resistance to Stewart's wilt, it would be useful to determine if germ plasms collected from certain regions of the world are more resistant and should be examined more thoroughly.
The objectives of this research were to identify additional sources of Stewart's wilt resistance from 2,000 maize accessions obtained from the NCRPIS and to determine if Stewart's wilt reactions differed among accessions collected from various regions of the United States and throughout the world.
MATERIALS AND METHODS
Accessions were inoculated with E. stewartii and evaluated for Stewart's wilt reactions in field trials in 1997, 1998, and 1999. Sweet corn hybrids with known reactions to Stewart's wilt were included in or planted adjacent to each trial.
Trial in 1997. Two thousand maize accessions were obtained from the 14,000 accessions maintained at North Central Regional Plant Introduction Station (NCRPIS), Ames, IA. Accessions were selected by Mark Millard, NCRPIS maize curator, as representative of sweet corn and field corn germ plasm from the United States and maize germ plasm adapted for temperate climates from all other regions of the world. The 2,000 accessions were planted 22 May at the University of Illinois South Farm, Urbana. The trial included two replicates of single rows of approximately 15 plants per accession. Rows were spaced 0.76 m apart. Plant stands were adequate for all but 9 accessions. Of the 1,991 accessions evaluated, 938 were collected originally from the United States, and 1,053 were collected from other coun-tries. A field adjacent to this trial contained a Stewart's wilt evaluation of 275 sweet corn hybrids including 9 standards with consistent reactions to Stewart's wilt (11) .
Plants at the three-to six-leaf stage were inoculated with E. stewartii on 25 and 30 June in the first and second replicates, respectively, using the pinprick method (1, 4) . Inoculum was produced as described previously (17) from a mixture of isolates, including those collected in May 1997 from naturally infected plants in southern Illinois and those isolated from trials in Illinois in 1996 and maintained over winter in the greenhouse and at -80°C.
Reactions to E. stewartii were rated on a 1 to 9 scale (11), where 1 = no appreciable spread of symptoms from pinpricks; 2 = limited spread with water-soaking, chlorosis, or necrosis within 3 cm of pinpricks; 3 = limited spread from pinpricks with water-soaking, chlorosis, or necrosis predominantly toward tips of leaves; 4 = abundant spread from pinpricks with water-soaking, chlorosis, or necrosis toward both ends of inoculated leaves, but no symptoms on noninoculated leaves; 5 = minimal systemic infection observed as small, linear streaks of symptoms on noninoculated leaves; 6 = moderate systemic infection with 5 to 25% symptomatic leaf area of noninoculated leaves and minimal stunting; 7 = abundant systemic infection and stunting with 25 to 50% of the leaf area symptomatic; 8 = severe systemic infection and stunting with 50 to 90% of the plant infected; and 9 = 90 to 100% infection, severe necrosis, or dead plants. Each row was assigned a pair of Stewart's wilt ratings by two people. Rows were rated 8 to 11 July and 16 to 17 July in the first and second replicates, respectively. The mean rating for each row was the dependent variable in the ANOVA. Accession means were compared by a Waller-Duncan Bayesian LSD value (k = 100).
Accessions were grouped according to the region from which they were collected. Simple statistics and distributions were compared among regions. All possible combinations of means for regions were compared by t tests (P < 0.05). Simple statistics and distributions also were compared for accessions grouped by countries or states within each region. The number of accessions with mean ratings below 2, from 2 to 2.99, from 3 to 4.99, and above 5 were compared among regions.
Trials in 1998. Groups of selected accessions were evaluated in three separate but adjacent trials in Urbana, IL, in 1998. One trial included three replicates of 80 accessions with the lowest Stewart's wilt ratings from 1997 (38 accessions rated below 2 and 42 accessions rated 2) and 15 sweet corn hybrid checks. Another trial included two replicates of 52 accessions rated 2.25 in 1997, 67 accessions rated 2.5 in 1997, and 9 sweet corn hybrid checks. A third trial included a single replicate of 100 accessions selected randomly from the 1,986 accessions evaluated in 1997 and 6 sweet corn hybrid checks. Two replicates of 11 F 1 hybrids from crosses of selected accessions and susceptible sweet corn inbreds, CrseW30 or Crse16, also were evaluated with the 100 accessions selected randomly in 1998.
All trials were planted on 17 May in contiguous plots at the University of Illinois South Farm. Each experimental unit was a single row of approximately 15 plants. Plants in all trials were inoculated 17, 23, and 30 June with a mixture of E. stewartii isolates. Reactions to Stewart's wilt were rated from 1 to 9 on 5 to 7 July prior to tassel emergence and on 15 to 16 July after tassels emerged. Each row was assigned a pair of Stewart's wilt ratings by two people. The mean rating of each row was the dependent variable in the ANOVAs. Accession means were compared by Waller-Duncan Bayesian LSD values (k = 100). Correlation coefficients were calculated from accession means of pre-and post-tassel ratings in 1998 and for 1997 and 1998 accession means.
Trial in 1999. Five replicates of 20 accessions with the lowest Stewart's wilt ratings in 1997 and 1998, five sweet corn hybrid checks, 31 F 1 hybrids from crosses of the 20 accessions and susceptible sweet corn inbreds, CrseW30 or Crse16, and the two susceptible sweet corn inbreds were evaluated in a trial in 1999. The trial was planted 11 May at the University of Illinois South Farm, Urbana. Each experimental unit was a single row of approximately 15 plants. Plants were inoculated 3, 10, and 17 June with a mixture of E. stewartii isolates. Reactions to Stewart's wilt were rated from 1 to 9 at about the six-leaf stage on 22 June and on 21 July after tassels emerged. Each row was assigned a pair of Stewart's wilt ratings. The mean rating of each row was the dependent variable in the ANOVA. Means were compared by Waller-Duncan Bayesian LSD values (k = 100). Correlation coefficients were calculated for pre-and post-tassel ratings in 1999 and for 1997, 1998, and 1999 means.
RESULTS

Trial in 1997.
Reactions to Stewart's wilt differed considerably among the 1,986 accessions (Table 1) . Accession mean ratings ranged from 1 to 9 with a trial mean and median of 4 and a standard deviation of 1.1. The mean separation value (BLSD) for comparison of ratings between accessions was 1.56. A list of accession means is available upon request from the corresponding author. Stewart's wilt reactions of sweet corn hybrids in the field adjacent to the accessions ranged from 1.6 to 6 (11), and reactions of standard hybrids were relatively consistent with previous evaluations ( Table 2) .
Distributions of Stewart's wilt ratings differed for accessions collected from the United States and those collected from other countries (Table 1) . Ratings for the 938 U.S. accessions ranged from 1 to 8.5 with a mean of 3.7, a median of 3.5, and a standard deviation of 1.15. Ratings for the 1,053 non-U.S. accessions ranged from 1.5 to 9 with a mean and median of 4.3 and a standard deviation of 0.97. Thirty-three of 38 accessions rated below 2 and 176 of 230 accessions rated from 2.0 to 2.99 were from the United States (Table 1) . Mean Stewart's wilt ratings differed among accessions from various regions of the world (Table 1) . The mean Stewart's wilt rating of accessions from the MidAtlantic/Ohio River Valley of the United States was 3.1 which was lower than means of accessions from all other regions. The mean rating of accessions from the southern United States was 3.7, which also was different from mean ratings of accessions from all other regions. The mean rating of accessions from the northeastern United States was 4.6, which was higher than means of accessions from all other regions except those from North and Central America (excluding the United States) and Asia/South Pacific/Middle East.
Distributions of reactions to Stewart's wilt were relatively similar for non-U.S. and U.S. accessions when accessions from the Mid-Atlantic/Ohio River Valley area and southern United States were excluded from the comparison. The mean and median for Stewart's wilt rating were 4 for U.S. accessions when accessions collected from the Mid-Atlantic/Ohio River Valley area and southern United States were excluded. y Region and state from which accessions were collected. z Stewart's wilt ratings from 1 to 9, where: 1 = little or no spread, 2 = spread of about 3 cm, 3 = spread toward tip end of leaf only, 5 = limited systemic infection, 9 = dead plants.
The number of accessions rated below 2 and between 2 and 2.99 differed among regions ( Table 1) . Most of the accessions with low Stewart's wilt ratings were from the Mid-Atlantic/Ohio River Valley or the U.S. Corn Belt. Forty-one percent of the accessions from the Mid-Atlantic/Ohio River Valley were rated below 3, and 9% (23 accessions) were rated below 2. Approximately 16% of the accessions from all other regions of the United States except for the Northeast were rated below 3, but only 10 of 633 accessions were rated below 2. For all other regions of the world, 4 to 9% of the accessions were rated below 3 and only five accessions were rated below 2.
The number of accessions rated 5 or above also differed among regions (Table  1 ). Over 30% of the accessions from the northeastern United States and from Asia/South Pacific/Middle East were rated 5 or above. For all other areas of the world except the southern United States and the Mid-Atlantic/Ohio River Valley, 17 to 24% of the accessions were rated 5 or above. Only 7% of the accessions from the southern United States and 4% of the accessions from the Mid-Atlantic/Ohio River Valley were rated 5 or above.
Among the accessions from the United States, those from Virginia and Kentucky had the lowest Stewart's wilt ratings, and those from New Mexico, Wyoming, Massachusetts, Rhode Island, and Maine had the highest Stewart's wilt ratings (Table 3) . Although the mean Stewart's wilt rating for accessions from the South was less than that for all other regions of the United States except for the Mid-Atlantic/Ohio River Valley area, only one accession from South Carolina was rated below 2, and the percentage of accessions from the South rated below 3 did not differ significantly from that of accessions from all other regions of the United States except the Northeast.
Some accessions from every continent were rated below 3 (Tables 1 and 4) . Means, ranges, and number of accessions rated below 3 or above 4.99 tended to vary among countries, possibly due to considerably different sample sizes (Table 4 ). The range of accession means was about 4 or more for countries with at least 20 accessions, except for Ethiopia, Brazil, and China, for which the range of means was 3 or less. Stewart's wilt reactions differed among accessions from different countries on the same continent or in the same region of the world (Table 4 ). For example, Stewart's wilt ratings for accessions from Brazil and Uruguay were generally lower than those for accessions from other South American countries. Conversely, half or more of the accessions from Algeria, Peru, Romania, Canada, and Israel were rated 5 or above, and a large percentage of the accessions from Chili, Argentina, Hungary, Yugoslavia, the former Soviet x Region from which accessions were collected. y Stewart's wilt ratings from 1 to 9, where 1 = little or no spread, 2 = spread of about 3 cm, 3 = spread toward tip end of leaf only, 5 = limited systemic infection, 9 = dead plants. z Excluding the United States.
Union, Italy, Turkey, and Japan were rated 5 or above.
Trials in 1998 and 1999. Stewart's wilt reactions of accessions evaluated in 1998 and 1999 were relatively similar to those in 1997. Early and late ratings within 1998 and 1999 were correlated (coefficients ranging from 0.85 to 0.98, Table 5 ), so means of the two ratings were compared among years. The correlation coefficient for ratings of 292 accessions and sweet corn hybrid checks in 1997 and 1998 was 0.87 (Fig. 1) . Correlation coefficients between ratings in 1997 and 1998 ranged from 0.67 to 0.90 for the three different trials in 1998 (Table 5) . Correlation coefficients were 0.92 between ratings in 1999 and 1997, and 0.89 between ratings in 1999 and 1998. Ratings in the 1998 trial ranged from 1 to 2.8 for the 80 accessions rated 2 or below in 1997, while ratings for 15 sweet corn hybrid checks ranged from 1.5 to 5.8 in this trial. Accessions rated 2.25 or 2.5 in 1997 were rated from 1.4 to 5.5 in the 1998 trial, and sweet corn checks ranged from 1.3 to 6.3.
Stewart's wilt ratings in 1997 and 1998 were less than 2 for 20 accessions (Table  6) ; however, ratings for these accessions ranged from 1.7 to 3.1 in 1999 when Stewart's wilt was severe. Seven of the 20 accessions were from Virginia, seven were from the Ohio River Valley or central Corn Belt, four were from the northern or western Corn Belt, and two were from Spain (Table 6 ). Ratings among these accessions were not significantly different in 1997, and only a few accessions were different in 1998 and 1999. Stewart's wilt ratings of F 1 hybrids of accessions crossed with susceptible sweet corn inbreds were slightly higher than ratings of the resistant accession, but F 1 hybrids were rated considerably lower than the susceptible inbred in the cross (Table 6 ). Among the F 1 hybrids, mean Stewart's wilt ratings were lowest for crosses with KyWS6, although ratings were not significantly different between most of the F 1 hybrids, and KyWS6 was not the most resistant accession.
DISCUSSION
In this study, maize germ plasm adapted to temperate climates but collected from various regions of the world had a similar distribution of reactions to E. stewartii, except for germ plasm from the Mid-Atlantic/Ohio River Valley region of the United States, the southern United States, and the northeastern United States. Accessions from the Mid-Atlantic/Ohio River Valley and the southern United States were more resistant to Stewart's wilt than other germ plasm evaluated. Accessions from the northeastern United States were more susceptible.
Reactions of accessions from the MidAtlantic/Ohio River Valley and the southern United States reflect a response to persistent selection pressure. Stewart's wilt was endemic in the Mid-Atlantic/Ohio River Valley region for the past century (13, 14) and probably for hundreds of years prior to the identification of the disease in 1897 (16) . In this region, plants with resistance have been selected, and those with susceptibility have been eliminated either by man or by nature. Stewart's wilt epidemics have been sporadic 500 km north or south of this region, and the disease has been reported only occasionally from other areas of the world (13) . Thus, it is not surprising that 63% of the accessions rated below 2 and 46% of the accessions rated from 2 to 2.99 were from the Mid-Atlantic/Ohio River Valley and the southern United States.
Sources of moderately resistant reactions (i.e., ratings from 2 to 2.99) occurred in accessions from nearly all regions evaluated, but high levels of resistance occurred only in accessions from a restricted area of the United States and a few European countries. Fourteen of the 20 accessions with the most resistant reactions to Stewart's wilt were from areas where Stewart's wilt is endemic or frequently epidemic. Resistant accessions from Europe may be U.S. germ plasm that was introduced to Europe and subsequently collected from there.
Many of the resistant accessions in our evaluation may possess a resistance gene identified from Va35 (9) , but some may possess other genes for resistance. Pedigrees should be examined and progeny from test crosses evaluated as an initial procedure to determine if these sources of resistance differ. The highly resistant accessions should be evaluated further, and inheritance of resistance from these sources should be determined. In the event that E. stewartii becomes established in areas where it is not currently a problem, these accessions and other sources of high levels of resistance (2, 5, 6, (8) (9) (10) 15, 18) can be used to develop resistant cultivars.
The frequency of highly susceptible accessions (i.e., those rated 6 and above) were similar for non-U.S. and U.S. accessions; however, accessions from the northeastern United States and Asia/South Pacific/Middle East were systemically infected more frequently than other accessions. More than half of the accessions from the northeastern United States were early-maturing sweet corn lines and openpollinated cultivars which are known to be susceptible to Stewart's wilt (5, 12) . Sweet w Accessions rated from 2 to 2.5 in 1997 and 9 sweet corn hybrid checks.
x Accessions selected at random from 1,986 evaluated in 1997 and 6 sweet corn hybrid checks. y Twenty accessions with lowest ratings in 1997 and 1998, F 1 crosses of those accessions with susceptible sweet corn inbreds, and 9 sweet corn hybrid checks. z Correlation based on 20 accessions and 9 sweet corn hybrid checks. Correlation coefficient for ratings from trials in 1998 and 1999 was 0.89. corn germ plasm was not a large proportion of the accessions sampled from any other region.
The accessions evaluated in this trial probably do not adequately reflect the germ plasm grown presently in many temperate climates of the world. Cultivars grown in temperate climates may be more resistant to Stewart's wilt than the accessions evaluated in this study if U.S. Corn Belt germ plasm has been used for genetic improvement. Many of the U.S. accessions which had highly resistant (1 to 1.99) or moderately resistant (2 to 2.99) reactions to Stewart's wilt in our trial are prominent in pedigrees of widely grown, U.S. Corn Belt germ plasm (e.g., B37, B75, B84, B85, B73 × Mo17, BS13, BSAA, Mo17, PA Composite II, PA Composite III, and others). Conversely, if early-maturing germ plasm from the northeastern United States has been used to develop or improve lines throughout the world, especially sweet corn lines, those lines may be more susceptible than the average accession from this collection. 
